Pseudomonas sp. strain , which is capable of conversion of cholesterol, was isolated from humus soil. This organism effectively modified cholesterol dissolved in an organic solvent by dehydrogenation and oxygenation. When the organism was grown in a medium overlaid with a 10%/ volume of a mixed organic solvent (p-xylene and diphenylmethane; 3:7, vol/vol) containing cholesterol (20 mg/ml), the cholesterol concentration in the organic solvent was reduced to only 0.4 mg/ml after 8 days. Although the organism did not assimilate cholesterol, 98% of the cholesterol initially present disappeared. The organic solvent layer contained two major and three minor compounds converted from cholesterol. The major compounds were 60i-hydroxycholest-4-en-3-one (8.9 mg/ml) and cholest-4-ene-3,6-dione (7.6 mg/ml). The concentrations of these compounds were equivalent to 43 and 37% of the cholesterol initially present. This organism would provide an effective and convenient system to oxidize the C-3 and -6 positions of cholesterol by introduction of a hydroxyl or ketone group.
cholest-4-ene-3,6-dione (7.6 mg/ml). The concentrations of these compounds were equivalent to 43 and 37% of the cholesterol initially present. This organism would provide an effective and convenient system to oxidize the C-3 and -6 positions of cholesterol by introduction of a hydroxyl or ketone group.
Most organic solvents are generally toxic to organisms. Although there are some microorganisms that can assimilate these toxic organic solvents, the concentrations of the solvents must be extremely low. Most microorganisms cannot grow in a medium containing large volumes of organic solvents. In recent years, however, several highly organic solvent-tolerant strains of Pseudomonas aeruginosa, Pseudomonas fluorescence, and Pseudomonas putida were isolated (4, 9, 18, 21) . These strains thrive in p-xylene or toluene, which are highly toxic aromatic solvents. A p-xylene-tolerant mutant of Escherichia coli has been isolated by mutation (3) .
These organic solvent-tolerant microorganisms have the potential advantage of possible applications in microbial conversion of water-insoluble compounds. For bioconversion of organic compounds with low solubilities in water, large volumes of appropriate medium are required for solubilization of the compounds. This consumption of medium or water and the inevitable treatment of the wastewater constitute one of major cost factors in bioconversion fermentation. If the water-insoluble compounds were suspended in a small volume of the medium, however, it would take a long reaction period to complete the conversion. These problems could be solved by the appropriate use of organic solvent-tolerant microbes for each purpose. To take advantage of this possibility for microbial conversion, several adequate microbes that could be used for the purpose must be obtained.
Several water-insoluble compounds have been established for use as substrates so far. One of the insoluble substrates is cholesterol. The solubility of most steroid compounds is extremely low, ranging from 10-2 to 10-3 g/liter of water (2) . The solubilities in water of products expected from bioconversion of cholesterol as a starting material are also expected to be low. Therefore, cholesterol is usually suspended in bioconversion systems containing some surfactants to affect the conversion reaction rate (20 
MATERIALS AND METHODS
Organism. The bacterial strain used was Pseudomonas sp. strain ST-200, which was isolated from humus soil in this study.
Media. A medium (screening medium) consisting of 0.5% yeast extract (Difco Laboratories, Detroit, Mich.), 1% NaCl, and 0.05% ammonium sulfate was used for screening for organisms capable of conversion of cholesterol dissolved in an organic solvent. A similar medium (conversion medium) consisting of 0.2% yeast extract, 1% NaCl, 0.05% ammonium sulfate, and 10 mM MgSO4 was used for conversion of cholesterol by strain ST-200. LBGMg agar medium (3), consisting of 1% Bacto tryptone (Difco), 0.5% yeast extract, 0.1% glucose, 1% NaCl, 10 mM MgSO4, and 1.5% (wt/vol) agar, was used for single-colony isolation of organisms.
Isolation of a cholesterol-converting microorganism. A small amount of soil sample was added to 6 ml of screening medium, and then 1 ml of a 2% (wt/vol) cholesterol solution in a mixed solvent of p-xylene and diphenylmethane (3:7, vol/vol) was added to the medium. The culture was incubated with shaking at 30°C for 7 days. An aliquot (1 ,lI) from the organic solvent layer of the culture, which had become turbid because of growth of microorganisms, was spotted onto a 0.2-mm-thick silica gel thin layer (E. Merck AG; no. 60F254). The sample was developed in n-hexane-diethylether (3:10, vol/vol) by ascending chromatography at room temperature. Cholesterol and derivatives yielded by bioconversion of cholesterol were detected as UV-absorbing dark spots under UV illumination or by coloration with ferric chloride (8) .
Microorganisms grown in the cultures in which cholesterol derivatives had been found were isolated by cumulative singlecolony isolations on LBGMg medium overlaid with n-hexane.
Characterization and identification of the cholesterol-converting bacterium. The morphological properties and taxonomic characteristics of the bacterial isolate were examined according to the methods described in references 12 and 19. Determination of cholesterol and its derivatives. A sample obtained from the organic solvent layer was directly analyzed by reverse-phase chromatography on a column of ODS-1201-H (4.6 by 200 mm) (Senshu Science Co., Tokyo, Japan) attached to a high-pressure liquid chromatography apparatus. The column was eluted with n-hexane-isopropanol (1:0.02, vol/vol) at a flow rate of 0.8 ml/min. The elution was monitored by measurement of A215. To determine the amount of each derivative, the absorbance of a known quantity of the relevant compound purified as described below was measured in the same manner.
When the organism was grown in the medium in which cholesterol was suspended, an aliquot (1 ml) was withdrawn from the medium and extracted with 0.5 ml of p-xylene. The p-xylene extract was analyzed as described above.
Purification of the cholesterol derivatives. Strain ST-200 was grown at 30°C in 100 ml of conversion medium containing 10 ml of the 2% cholesterol solution. After 5 days, the culture was transferred into a separating funnel and allowed to settle for a few minutes. Ap-xylene-diphenylmethane layer was recovered from the culture and dehydrated with anhydrous Na2SO4 overnight. A portion (5 ml) of the solution was loaded onto a column (2.2 by 20 cm) of silica gel (Merck; 90-230 mesh) equilibrated with n-hexane. The column was washed with 200 ml of n-hexane and then eluted with 200 ml of diethylether. The eluate was concentrated in a rotary evaporator to ca. 5 ml at 25°C. Compounds in the residual solution were zonally developed on 2-mm-thick silica gel plates (Merck; no. 60F254) in n-hexane-diethylether (7:10, vol/vol) . After the thin-layer chromatography, each compound was located on the silica plate by UV illumination. Silica gel was scraped from a central region of the zone showing UV absorption. The compounds were recovered with acetone from the silica powder.
Measurement of molecular weights of the cholesterol derivatives. Molecular weights of samples were measured by low-or high-resolution electron-impact mass spectrometry with a Hitachi M-80A instrument. The samples were ionized at 200°C and 70 eV.
Measurement of NMR spectra of the cholesterol derivatives. The sample was dissolved in CDCl3 to a concentration of about 30 mg/ml. 'H nuclear magnetic resonance ('H-NMR) spectra were recorded at 20°C with a 500-MHz NMR spectrometer (Varian; model VXR-500S). 13C-NMR was measured with a 50-MHz NMR spectrometer (Varian; model Gemini-200) with complete decoupling. Tetramethylsilane was used as an internal standard for the spectra.
RESULTS
Isolation of a microorganism capable of conversion of cholesterol dissolved in an organic layer. About 2,000 soil samples were gathered from several areas in Japan and tested in the biphasic cultivation systems. After cultivation for 7 days, the cholesterol concentration in the organic solvent layer was roughly estimated by silica gel thin-layer chromatography followed by coloration with ferric chloride. Only one culture, from soil taken from the water side of a small fountain in Tokyo, showed a significant decrease of the cholesterol when the soil sample was examined in the cultivation system described above. Several UV-absorbing cholesterol derivatives were found in the organic solvent layer of this culture (Fig. 1) . The derivatives are designated A to E in this report. Among these derivatives, derivative D was ferric chloride-reaction positive. Microorganisms found in the water phase of this culture were found to be heterogeneous. Three types of bacterial colonies with different appearances formed on the medium. A cholesterol-converting microorganism (strain ST-200) was finally isolated from these bacteria that were tolerant to the mixed solvents and n-hexane.
Identification of the cholesterol-converting microorganism. Table 1 b Young cells were stained with crystal violet and iodine by the method of Hucker (described in reference 10).
c Motilities of young cells were observed by the hanging-drop mount method. Flagella were stained by the method of Gray (described in reference 10).
d Spores were stained with malachite green (10) . Aerobiosis and oxidation-fermentation (OF) tests were done by observation of glucose assimilation in a nutrient agar medium overlaid with liquid paraffin at 30°C for 72 h (16) .
f The organism was grown in LB medium for 4 days. g The organism was grown on King's media A and B at 30°C for 2 days and then at room temperature (25) .
h The organism was grown in nutrient broth containing 1% KNO3 at 30°C for 48 h. Nitrite was examined with sulfanilic acid and 1-aminonaphthalene. N2 was examined by observation of bubble formation in a Durham tube (24) .
'The organism was grown in nutrient broth containing 12% (wt/vol) gelatin (Difco) at 30°C for 2 days. The culture was refrigerated in an ice water bath (25) .
i The organism was grown on a nutrient broth agar medium containing 0.2% soluble starch at 30°C for 2 days. Hydrolysis of starch was tested with 12-KI solution (25) . k Growth was examined in a synthetic vitamin-free medium containing glucose at 30°C for 1 day (25) .
' The activity was tested with cells grown at 30°C for 12 h on medium with tetramethyl-p-phenylenediamine dihydrochloride (24) .
culture. Thereafter, the number of viable cells decreased almost exponentially with prolonged incubation. The half-life for the exponential decrease was about 12 h. After 7 days, the number fell to 2 x 105 cells per ml.
The concentration of cholesterol in the organic solvent layer decreased slightly after 1 day and thereafter decreased continuously to only 0.4 mg/ml after 8 days, indicating that 98% of the cholesterol initially added in the solvent was consumed. The concentrations of the major derivatives, D and E, reached 8.9 and 7.6 mg/ml of the solvent, respectively, after 8 days. These concentrations were equivalent to 43 and 37% of the initial cholesterol concentration. The concentration of each minor derivative (A, B, and C) was below 1 mg/ml.
The strain was grown in medium in which 0.2% cholesterol was suspended. The generation time of the organism was the same as that found in the biphasic culture (Fig. 2B) Signals in the 13C-NMR spectrum of cholesterol have been assigned (22) . 13C-NMR spectra of derivatives D and E were compared with that of cholesterol (Fig. 3) . The Periodically, samples (0.1 ml) were taken from the organic solvent or water phase of the biphasic cultures. The samples obtained from the organic solvent layer were analyzed by reverse-phase chromatography. Viable cells in the samples from the water phase were counted on LB medium. From the uniphasic culture, 1-ml samples were taken. These samples were extracted with 0.5 ml of p-xylene, and the p-xylene extracts were analyzed by the chromatography. Symbols: A, viable cells; 0, cholesterol; l, derivative C; 0, derivative D; A, derivative E. cholesterol (22), were not found in the spectra of derivatives D and E. Alternative signals with distinctive values appeared in the spectra of these derivatives (Fig. 3) . These results indicated that the dehydrogenation or oxygenation had occurred in the A and B rings of cholesterol to give derivative D or E. No modification occurred in the C or D ring or in the 17-alkyl side chain.
Connectivity between 'H and '3C was examined by a heteronuclear chemical shift correlation experiment (5) . indicated that derivative D was 63-hydroxycholest-4-en-3-one and that derivative E was cholest-4-ene-3,6-dione (Fig. 4) .
Stereoisomerism of the 6-hydroxyl group of derivative D was determined by the fact that the spin-spin coupling constant between H-6 and axial or equatorial H-7 was 4 or 3 Hz, respectively, indicating that H-6 was in the equatorial configuration. As suggested by the Xm. values, 6p-hydroxycholest-4-en-3-one and cholest-4-ene-3,6-dione possess conjugated double bonds, as shown in Fig. 4 . These two compounds were previously synthesized from cholesterol through five reaction steps (1) . The Xmax value of 6,-hydroxycholest-4-en-3-one in dioxane has been reported to be 236 nm, and that of cholest-4-ene-3,6-dione in 95% ethanol has been reported to be 250 nm. We measured Xmax values of the derivatives in 95% ethanol, as described above (238 nm for D and 249 nm for E). These values are in good agreement with the values reported for the synthetic compounds (1) . Chemical shift values of 13C-NMR signals of cholest-4-ene-3,6-dione, measured in CDC13, have been reported (13 
DISCUSSION
We first examined cholesterol-assimilating bacteria among our collection of highly organic solvent-tolerant microbes (3, 4, 21) . Cholesterol assimilators were readily found among the collection. These assimilators, however, did not accumulate any derivatives from cholesterol (results not shown). We then surveyed novel microorganisms that were able to grow in the presence of organic solvents containing cholesterol and to accumulate derivatives in the organic solvent without assimilation of the cholesterol.
The compositions of the medium and organic solvent constituting the biphasic system in this study were chosen in order to maximize the likelihood of success in the screening for such a microorganism. A relatively poor medium was used in this study because the isolated strain ST-200 did not effectively oxidize cholesterol when grown in any complex medium enriched in nutrients (results not shown). Use of the mixed solvent was advantageous in this study for the following reasons. p-Xylene is highly toxic for microorganisms, and diphenylmethane is less toxic (3). Cholesterol is highly soluble in p-xylene but slightly soluble in diphenylmethane. The toxicity of the mixed solvent composed of p-xylene and diphenylmethane was experimentally as low as that of n-hexane, in which cholesterol was slightly soluble (results not shown). The solubility of cholesterol in the mixed solvent is sufficient, and the mixed solvent has relatively low volatility. Thus, microbes were easily incubated for a long period in the screening medium overlaid with the organic solvent layer containing cholesterol. A few organisms were tolerant to the solvent containing cholesterol and were grown in the culture in which cholesterol had been converted (Fig. 1) . Finally, Pseudomonas sp. strain ST-200 was isolated as a candidate microorganism in this study.
Strain ST-200 grew on glucose but not on cholesterol (Table  1) and did not assimilate any constituents of the mixed solvent (results not shown). Growing cells of the organism were more tolerant to the mixed solvents than cells in conditions of carbon source starvation (results not shown). Therefore, the organism first grew in the presence of the mixed solvent containing cholesterol and then perished gradually, probably because the cells became susceptible to the mixed solvent (Fig. 2) . It has been reported that bacteria grown in the presence of organic solvents are unstable in the stationary phase of growth (9, 11) . This instability might be a common feature of microorganisms grown in the presence of organic solvents. Nevertheless, cho- lesterol in the solvent layer was effectively consumed and was converted to 6,B-hydroxycholest-4-en-3-one and cholest-4-ene-3,6-dione. The production of these compounds was high because cholesterol was not assimilated after oxidative conversion. Strain ST-200 reacted only to C-3 to -6 of the cholesterol molecule, as judged by structural analysis of the two major products. The reaction was as follows: dehydrogenation of the 6-hydroxyl group to yield a ketone group, oxidation of C-6 to yield a hydroxyl or ketone group, and transfer of an unsaturated double bond from A5 to A' (Fig. 3 and Table 1 ). The first oxidative compound might be cholest-4-en-3-one (Fig. 4) . It has been reported that thawed cells of a Nocardia sp. effectively convert cholesterol to this compound in an organic solvent (6) . However, the putative precursor cholest-4-en-3-one was not detected in the present study. The Nocardia strain does not react on C-6 of cholesterol. Therefore, it is possible that these two organisms oxidize in distinctive manners. A cholesterol-converting enzyme(s) of Pseudomonas sp. strain ST-200 is now under study.
The bioconversion system using the organism Pseudomonas sp. strain ST-200 was convenient and effective. Purification of the products was also easy. The reaction site on cholesterol was limited to C-3 to -6. Strain ST-200 also reacted on cholesterol analogs, such as stigmasterol, ,-sitosterol, pregnenolone, and dehydroepiandrosterone, and accumulated some products in the organic solvent layer (results not shown). Therefore, the organism would provide an economical bioreactor for specific oxidative conversion of cholesterol. Two-phase systems using an aqueous medium and an organic solvent have been used in the bioconversion of insoluble compounds (11, 14, 15) . These systems have been called two-phase systems, two-liquid phase systems, or water-organic solvent two-phase systems, etc., by various authors. Apparently similar two-phase systems using polyethylene glycol, but not organic solvents, are known. In these systems macromolecules such as enzymes are partitioned between the two phases (7, 11) . These systems are generally composed of a pair of incompatible phases of polymer (polyethylene glycol) and salt (potassium phosphate) or polymer (polyethylene glycol) and polymer (dextran). These systems are also called two-phase systems or aqueous two-phase systems by the authors of those papers. This partition system can be used for production of water-soluble enzymes from microorganisms.
The two basically different systems are called by the same name, two-phase system. These two systems must be differentiated from each other. We would like to name the biphasic cultivation systems using organic solvents "oleosus fermentation" by borrowing from the Latin terms oleum and -sus, meaning oil and -full, respectively, in English.
